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1. INTRODUCTION

1.1. Notice of Discontinuation of the Grant

In April, 1998, the post-doctoral fellow, Zhenxue Jing, informed the University of Florida
and USAMRMC to discontinue this funded support (Grant DAMD17-97-1-7067). The main
reason was that the proposed research project was stalled due to some technical difficulties in
making the metal loaded plastic scintillating fibers.

Since May, 1998, Dr. Zhenxue Jing has been working as a R&D Scientist for TREX
Medical Corporation, LORAD Division, Danbury, CT.

1.2. The Original Proposed Research

The proposed work was focused on the development, optimization, and pre-clinical
evaluation of a scanning slot x-ray detector for digital mammography. The primary goal was to
optimize and finalize a plastic scintillating fiber screen (SFS) based scanning slot x-ray detector.
The second effort was to compare the use of SFS with the use of a new CsI:Tl screen in a slot x-
ray detector. The purpose was to optimize the x-ray detection material to develop a scanning slot
x-ray detector with the best possible imaging performance for mammography. The final goal was
to perform comparative receiver operating characteristic (ROC) analysis to evaluate the
performance of the optimized scanning slot x-ray detector using an anthropomorphic breast
phantom.

During the course of this project starting from June 1, 1997, the principle investigator and
other colleagues have given a lot of effort to make plastic scintillating fibers with adequate metal
loading. Unfortunately, those scintillating fibers made only generated very small amount of visible
light under x-ray exposure levels typically encountered in mammography. It is likely that, when
fibers were produced from a single metal loaded plastic scintilltor, the molecular structure
integrity of the polymer and metal compounds was damaged due to heat or stretching. This
damage directly reduces the efficiency of the plastic scintillating core materials to convert the
absorbed x-ray energy into visible light.

The inability to successfully making metal loaded plastic scintillating fibers greatly
devalued the merit of this research project. The NIH grant, which supported this project for the
last three years, was expired at the beginning of this year. No further support was granted. As a
result, the research work was essentially stopped.

1.3. The Expanded Research Work .

During the one year period funded by USAMRMC, the principle investigator also
conducted in parallel another research project which of great relevance to improving breast cancer
detection in mammography. Dr. Jing was also the P.I. of this project, which was partially funded
by a NIH SBIR grant to Nanoptics, Inc., Gainesville, FL. This document primarily reports the
work and findings of the expanded research work.
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1.3.1. Purpose
The general objective is to develop an improved screen-film mammography system which
provides improved breast lesion detection in dense fibroglandular tissue without compromising

diagnostic sensitivity for the "average" breasts.

1.3.2. Conventional screen-film mammography

Screen-film mammography is currently the only reliable means of detecting breast cancers
in asymptomatic women [1-3]. Early detection with screening mammography has been shown to
significantly reduce breast cancer mortality rates for women over age 30. Conventional
mammography screen-film combinations are made of a single phosphor screen used as a back
screen in combination with a single emulsion film.

There are several problems associated with the use of screen-film combinations which
reduce the effectiveness of screening mammography [4-7]. Of these, the major technical limitation
is related to the shape of the film's characteristic curves which necessitate a fundamental
compromise between the film’s display contrast and exposure latitude [8]. For screen-film
combinations used in mammography, high film contrast is essential to detect subtle lesions with
subject contrast in the order of ~1% [9]. As a result, the exposure latitudes of conventional
mammography screen-film combinations are limited to about 40. However, typical film contrast is
about 3.5 for film densities ranging from about 1.0 to 2.0, which only corresponds to a change in
x-ray exposure by a factor of about two. Film contrast reduces quickly below the film optical
density (0.D.) of 1.0 and above the film optical density of 2.0 [8], with film contrast values
reduced to about 1.5 at film O.D. of 0.5 and 3.0.

This compromise in film contrast and exposure latitude is optimized to image compressed
breasts of average thickness (~ 4.2 cm) and average density (~ 50% adipose and 50% glandular
tissue composition). For thicker and dense breasts, x-ray exposure exiting a compressed breast
can vary by a factor of 100 or greater [10]. Conventional mammography uses automatic exposure
control (AEC) devices to produce a constant film optical density (~ 1.5) in some selected regions
of the uniformly compressed breast region [11]. The film densities around the periphery of the
compressed breast are typically much greater than 2.0 due to the excessive x-ray exposure to the
screen-film cassette in these areas. Of more important concern are the dense breast regions which
are frequently underexposed, and therefore, displayed with poor film contrast. In practice,
between 30 to 60% of mammography screenings are performed on breasts composed at least
partially of dense fibroglandular tissue [12]. It has been shown that the detection of a lesion
surrounded by the dense fibroglandular tissue is more difficult than in a fatty tissue background
[9]. Epidemiological studies also have shown that women with dense breasts are at increased risk
of developing breast cancer [13,14]. The failure to detect lesions in the dense regions of the breast
or in the dense breast is one of the major causes of missed early diagnosis of breast cancers
[15,16]. Overcoming this problem is the principle objective of this work.

1.3.3. Current approaches to improve breast cancer screening
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A number of innovative approaches have been investigated to overcome the problems
associated with inadequate exposure latitude in screen-film mammography. Autoradiographic
enhancement, blurred mask subtraction film printing, and electro-optical photographic
equalization have been used to increase the contrast of underexposed regions of radiographic film
[17-19]. However, these post-processing techniques suffer the inherit low contrast-to-noise ratio
from the original images. In addition, these post-processing techniques also have the problems of
reducing image resolution and increasing noise. X-ray exposure equalization by using tissue
equivalent material to surround the breast and equalize the x-ray path length of the compressed
breast [20] may not be practical due to the range of breast size encountered and the associated
patient discomfort. By applying scanning equalization radiography to mammography, Sabol et al
[21] have shown high film contrast could be achieved over the entire compressed breast. The
problem is however the long time required to scan the whole breast which may result in patient
motion and tube overheating.

A more advanced approach is digital mammography which has the potential to overcome
many technical limitations of screen-film mammography. Digital imaging receptors typically have
significantly wider exposure latitude than x-ray films and respond linearly to x-ray exposure over a
wide range. Display contrast can easily be modified by digital manipulation. Digital mammography
also enables digital archive, computer assisted diagnosis and remote diagnosis. A number of
digital mammography systems have been developed and are currently under clinical evaluation
[22-26]. These digital mammography systems have shown great promise in that they provide
much higher detective quantum efficiency (DQE) and contrast sensitivity than screen-film
mammography.

However, a major impediment to the wide application of digital mammography at present
time is the limitation of display technology. The minimum requirement for image display is 4 k x 4
k at a pixel depth >12 bits. Current high resolution, adequately bright monitors only have a display
size of about 2 k x 2 k, and are unable to provide, in a single image, the amount of information
necessary for clinical diagnosis. Radiologists will have to view the full image at a reduced
resolution and conduct a zoom and seek operation to view in detail a segment of the full image at
a given time. In addition, current clinical practice requires breast images be compared in one
reading session. For example, left vs. right and new vs. old comparisons require two or more
images be displayed at the same time. It has been recognized that soft copy display of digital
mammograms is not an acceptable method. Digital mammograms are being evaluated on printed
laser films.

1.3.4. Importance of the this work

The proposed method overcomes the major technical limitation associated with breast
cancer screening. Compared to conventional mammography screen-film combinations, this new
method makes more efficient use of the scintillation light emitted in the phosphor screen and more
efficient utilization of x-ray exposure to generate additional and important diagnostic information
at no increase in patient radiation risk. The new method is especially useful to enhance earlier
breast cancer detection in women with dense fibroglandular breasts. It has been shown that the
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presence of extensive parenchymal densities is significantly associated with failure to detect breast
cancer by mammography. In these cases, the mammographic features (such as masses and
microcalcifications) have inherently low subject contrast and are frequently displayed with low
film contrast due to film underexposure at these dense breast regions. The proposed methods can
provide consistently high film contrast in dense regions of a breast image. The use of the proposed
method has the potential to significantly improve the accuracy in early detection of breast cancer
for women with dense breasts.

The National Cancer Institute (NCI) has accepted the recommendations on screening
mammography of the National Cancer Advisory Board (NCAB), which recommended that NCI
advise women 40 to 49 to get screening mammograms every one to two years if they are at
average risk for breast cancer. In reaching its conclusions, NCAB considered updated findings
from recent breast cancer screening studies which show that regular screening mammography of
average tisk women in their 40s reduces death from breast cancer by about 17%. In addition to
the benefits of screening, NCAB also outlined the limitations of mammography which including
(1) the larger number of false positives (~3 out of 10 women who begin annual screening at age
40) in breast cancer screening of women in their 40s; (2) due to the presence of dense breast
tissue, up to 25% of all invasive breast cancers are not detected by mammography in women 40 to
49 years old compared with 10% of cancers for women in their 50s. With the recommended
inclusion of this age group of women into screening populations, the percentage of dense breasts
encountered in mammography screening will increase significantly. This could present
significantly increased technical difficulties for current screen-film mammography systems. The
proposed method could provide an immediate and cost-effective solution to the problems in
imaging dense breasts. In addition, the proposed method can be used with existing mammography
facilities at hospitals of any size, and, could provide cost-effective health care to all women
including those in the rural areas.
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2. BODY

2.1. The prototype screen-film combinations

Combination A

Figure 1 shows the cross sectional view of a prototype dual screen-dual film combination
(Combination A). Film #1 is a single emulsion film and is exposed by light emitted from the phosphor side
of Screen #1. The geometry of Film #1/Screen #1 is the same as a conventional screen-film combination for
mammography. Screen #1 is made of a Gd,0,S:Tb phosphor directly coated on a thin clear Mylar backing,
which enables light to emit from this side of Screen #1. Film #2, sandwiched between Screen #1 backing
and Screen #2, is a double emulsion film and exposed by light emitted from both screens. Screen #2 is also
a Gd,0,S:Tb phosphor screen.

base  —w - mer e
Film #1 <emulsion —» # : xeray
— ———————— i} .
Screen #1 <phosphor absorption
support —>»
emulsion —»| A :
Film #2 base e
emulsion —f '
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Figure 1. A dual screen-dual film combination. (Combination A).

Table 1 summarizes the compositions of the films and screens for the dual screen-dual film
combination used in this study. Film #1, Film #2, and Screen #2 are commercial products available from
Eastman Kodak Company. Screen #1 was specially developed for this work by Eastman Kodak Company.
Screen #2 does not have light absorbing dye in its phosphor, and a reflective backing was used to increase
the light output.

Table 1. Summaries of film and screen compositions for combination A depicted in Figure 1.

Material Compositions

Film #1 Kodak Min-R E film, single emulsion

Screen #1 Min-R phosphor (Gd,0,S:Tb, 34.0 mg/cm’ coating weight) coated on a 4 mil clear
Mylar sheet *

Film #2 Kodak T-Mat G (TMG) Film, double emulsion, no anti-crossover layer

Screen #2 Kodak Insight Multi-Exam (IME) screen (Gd,0,S:Tb, 43.0 mg/em® coating weight,
reflective backing)

* This screen was developed by Eastman Kodak Company for this project.
Combination B
Figure 2 shows the cross sectional view of a novel single screen-dual film combination

(Combination B). This combination is composed of one phosphor screen sandwiched between two single
emulsion films. Light emitted toward the front of the screen is used to expose Film #1. Film #2, on the
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other hand, is exposed by light emitted toward the back side of the screen. Table 2 summarizes the
compositions of the films and screens for the single screen-dual film combination used in this study.

base —>7

Film #1 SR PR L

emulsion — ]

hosph > .
Screen < Eu;));gﬂor ) e 3 Hm thick

backing

Film #2 < emulsion o
base —_—>

Figure 2. A single screen-dual film combination. (Combination B).

Table 2. Summaries of film and screen compositions for combination B depicted in Figure 2.

Material Compositions

Film #1 Kodak Min-R E film, single emulsion
Screen #1 Gd,0.S:Tb (27.2 mg/em’ coating weight) coated on a 8 pm thick proprietary

polymeric sheet **
Film #2 Kodak Min-R H film, single emulsion

** This screen was developed by Sterling Diagnostic Imaging, Inc. for this project.

A conventional Kodak Min-R screen-Min-R E film combination was used as a standard for
comparison. Each screen-film combination was loaded into a corresponding Kodak Min-R2 cassette. A GE
Senograph 600t mammography x-ray unit was used to acquire all the images in this work. The x-ray tube
has a molybdenum (Mo) anode and an added 0.03 mm Mo filter. A large focal spot size of 0.3 mm and a
focal spot to screen-film cassette distance of 65 cm were used. All the films were developed in a Kodak X-
Omat processor operating at 95°F and using extended processing cycles.

2 9 Characterization of the dual screen-dual film combination (Combination A)

2.2.1. Sensitometric response measurement

Sensitometric characterization of the prototype dual screen-dual film combinations was performed
using a time-scale sensitometric method. For each x-ray tube potential (kVp) investigated, the dual screen-
dual film cassette was uniformly exposed a number of times by varying mAs (i.e., the product of tube
current and exposure time). X-ray exposures to the dual screen-dual film cassette were recorded, and the
resultant film OD values were measured using a densitometer with a 2 mm aperture (Model 301, X-Rite
Inc)).

Although not an optimum method in accurately characterizing the sensitometric response of a given
screen-film combination[27], this time-scale sensitometric method is well suited to compare the relative
sensitometric response of the two films in the prototype screen-film combinations. The relative responses of
the two films are not affected by the film reciprocity-law failure because the two films are always exposed
by the same x-ray exposure. In addition, this time-scale sensitometric method may be the most clinically
relevant way to compare the two films in the dual screen-dual film combination.

10
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Table 3 summarizes the measured x-ray exposures to the screen-film cassette to expose each film
to an optical density value of 1.2. The relative speeds of the two films are also given in Table 3. The
difference between the effective speeds of the two films is larger at the higher kVp. This is because a larger
fraction of incident x-rays penetrates Screen #1 at the higher kVp. Relatively more x-rays are therefore
absorbed by Screen #2 at the higher kVp. This increased x-ray absorption in Screen #2 produces more
light, thereby increasing the effective speed of Film #2 relative to that of Film #1.

Table 3. Exposure required to reach film OD of 1.2. for Film #1, X;, and Film #2, X,. And the relative
speed of Film #2 vs. Film #1, S, is given by § = Xi/X,.

Exposure (mR) Relative Speed ()
kVp Film #1, X, Film #2, X, Film #2 vs. Film #1
25 9.10 4.30 2.12
28 8.07 3.56 227
30 7.60 2.85 2.67

Figure 3 shows the measured film OD values and the calculated film contrast as a function of x-ray
exposure to the screen-film cassette for the dual screen-dual film combination at 28 kVp. The maximum
film contrasts for Film #1 and Film #2 peak at about 14.8 mR and 5.7 mR, respectively. Currently, screen-
film mammography typically produces a targeted film OD of ~1.5 using AEC. The corresponding exposure
to the screen-film cassette is ~10 mR. Reducing this exposure level by a factor of two to ~5 mR, the Film
#1 contrast decreases from ~3.3 (OD = 1.5) to ~2.2 (OD = 0.7). The corresponding Film #2 contrast at 5
mR exposure is ~3.3 (OD = 1.8). When exposure is further reduced to 3.8 mR, the Film #1 contrast
decreases to ~1.6 (OD = 0.5). The corresponding Film #2 contrast is ~3.1 (OD = 1.25).

Film OD
Film Contrast

0.0 1 0.0 L 1 L e |
1 10 1 10

Exposure (mR) Exposure (mR)

Figure 3. (a) Measured characteristic curves of the dual screen-dual film combination at 28 kVp; (b)
Calculated film contrast as a function of x-ray exposure at 28 kVp. The base + fog densities are 0.18
and 0.21 for Film #1 and Film #2, respectively.

We have measured the film densities of underexposed areas on clinical breast images at two
mammography centers. The resulting film densities were as low as ~0.4 on large dense areas of the breasts

11
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for a significant number of cases. This finding is supported by the other previous studies [28,29]. It is
therefore anticipated that a factor of two or greater improvement in film contrast can be achieved for dense
areas of the breasts by the use of the dual screen-dual film combination.

Figure 4 shows the measured characteristic curves of the dual-screen-dual film combination and a
standard mammography screen-film combination using the Kodak Min-R screen and Min-R E film. The
film OD values were measured on the center of each step of an Aluminum step wedge image. The
variations in x-ray exposures used to expose the dual-screen-dual film combination and the standard
screen-film combination are measured to be less than 1%. The difference in speeds between Film #1 and the
standard film is less than 10%. About 10% difference in speeds between two conventional screen-film
cassettes frequently exists due to small variance in the phosphor coating weight and dye concentration.
Therefore, Figure 4 demonstrates that there is negligible if any effect of light being reflected back on to
Film #1 in the dual screen-dual film combination due to the use of a transparent Screen #1 backing.

Film OD
Film OD

0.0 L ) " \ I ) L ; L ;
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Step Wedge Step Number Step Wedge Step Number

Figure 4. Measured characteristic curves of the dual-screen-dual film combination and a standard
Kodak Min-R screen-Min-R E film combination at 25 and 28 kVp.

2.2.2. Digitized MTFs and limiting spatial resolution

Exploratory MTF measurements were performed to compare the differences in spatial resolution
performance between Film #1 and Film #2, and between Film #1 and a Kodak Min-R screen-Min-R E film
combination. Images of an edge object were acquired using the two screen-film combinations. The edge
object was made of a Lead foil with 0.025 mm thickness. The films were subsequently digitized using a
film digitizer with a 30 pm pixel size and 16 bit resolution. Edge spread functions (ESF) were obtained as
the pixel intensity profiles across the digitized edges. MTF values were calculated from the Fourier
transform of the line spread function (LSF), which was the differentiation of the corresponding ESF. These
measurements of MTF provide reliable comparisons of the MTF performances between Film #1 vs. Film
#2_ and between Film #1 vs. standard in the spatial frequency range investigated. However, the results
obtained are not true MTF values of the dual screen-dual film combination. The measurement of the
sensitometric response of the dual screen-dual film combination by the standard inverse-square law method
is under way. This measurement will allow the accurate analysis of the MTF of the dual screen-dual film
combination[27].

12
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Figure 5 shows the computed MTF curves from digitized edge images obtained at 28 kVp. The
MTF of Film #1 is essentially the same as a Kodak Min-R screen-Min-R E film combination up to the
limiting spatial resolution (16.67 lp/mm) of the film digitizer. The MTF curve of Film #2 displays two
distinctive components, a quick drop in MTF values from 0 to ~5 Ip/mm due to light spreading in the 4 mil
thick Screen #1 backing, and an almost constant MTF value above ~8 Ip/mm due to the sharp image signal
generated from Screen #2. The purpose of this MTF measurement is to investigate the MTF performance
of the Film #1 in comparison to a conventional screen-film combination (especially in the range o to 10

Ip/mm), and the relative MTF performance of Film #2 to Film #1. These results are not to be taken as the

true MTF values of the screen-film combinations studied. An accurate MTF measurement of the dual
screen-dual film combination using the standard method will be pursued in the near future.
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Figure 5. MTF curves measured from the digitized edge images obtained at 28 kVp. The edge object
was a Lead foil of 0.025 mm thickness. Original edge images were digitized using a film digitizer with
30 um pixel size and 16 bit resolution.

In addition, the images of a line pair resolution lead bar pattem (Model 07-539, Nuclear
Associates, Carle Place, NY) were used to quantify the limiting spatial resolution performance of the dual
screen-dual film combination. This test pattern contains resolution information up to 20 Ip/mm. Table 4

summarizes the measured limiting spatial resolution as a function of the x-ray tube potential for the dual
screen-dual film combination and a standard Kodak Min-R screen-Min-R E film combination. The limiting
spatial resolution of Film #1 is >19 lp/mm and is comparable to that of a Min-R screen-Min-R E film
combination. Film #2 limiting spatial resolution increases slightly from 10 lp/mm at 25 kVp to 11.5 lp/mm
at 30 kVp.

Table 4. Measured limiting spatial resolution vs. kVp. The standard is a Kodak Min-R screen-Min-R E
film combination.

X-ray tube potential Limiting spatial resolution (lp/mm)

kVp) Film #1 Film #2 Standard
25 19.5 10.0 20

28 19.5 11.0 20
30 19.5 11.5 20

13
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A detailed investigation of the sources contributing to the image blur on Film #2 was carried out.
Images of the same line pair resolution pattern were obtained for the following screen-film combinations:
(1) A Min-R E film placed below the 4 mil thick backing side of Screen #1; (2) A Min-R E film placed
above Screen #2; (3) A Kodak Insight IMG film replacing the TMG film in the dual screen-dual film
combination. The IMG film is also a double emulsion film, but has an anti-crossover layer between its two
emulsions. The measured limiting spatial resolutions are 7.5, 16.0, and 14.0 lp/mm for Combinations 1, 2,
and 3, respectively. These results shows that light dispersion in the 4 mil thick Screen #1 back is a major
source of image blur. Light crossover between the emulsions of the TMG film also decreases significantly
the Film #2 resolution. A further improvement of Film #2 resolution can therefore be achieved by the use of
a thinner Screen #1 backing and/or the used of a new Film #2 with the anti-crossover layer and with the
satisfactory speed performance.

2.2.3. Low contrast detectability

A mammography contrast-detail (C-D) phantom (Model 180, GAMMEX RMI) was used to
evaluate the low contrast visibility performance of the prototype dual screen-dual film combination. This
phantom consists of 2 15 cm x 11 cm x 1.5 cm thick Lucite base with protruding Lucite-disks of various
thickness and diameter. In this study, the C-D phantom was placed on top of an additional 2.5 cm thick
Lucite block, which formed a total phantom thickness of 4.0 cm. Images of the C-D phantom were -
generated with the use of a standard 5:1 ratio bucky grid. At 28 kVp, a total of six exposures were taken by
varying x-ray exposure technique from 32 to 100 mAs. Figure 6 shows the Film #1 and Film #2 images of
a C-D phantom placed on top of a 2.5 cm thick Lucite block. The x-ray exposure technique used was 50
mAs at 28 kVp.

@ | ®)

Figure 6. X-ray images of a C-D phantom using an exposure technique of 28 kVp and 50 mAs with the
use of a standard 5:1 grid for (a) Film #1 (OD = 0.56) and (b) Film #2 (OD = 1.46). The images were
reduced to half of their original sizes during reproduction.

The resultant twelve films were read in random order under optimum viewing conditions by four
readers (one physicist and three graduate students). The areas of the light box around the film was masked
off to reduce glare and the room lights were also dimmed. The number of visible disks for each disk
diameter was recorded. The use of a half score was allowed if the presence of a disk was in doubt. The
threshold thickness and the corresponding threshold subject contrast was then calculated for each disk size,
and plotted as a function of the x-ray exposure (mAs). The standard deviations on the threshold thicknesses
were also calculated for the four observers.
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Figure 7 shows the observed threshold disk thickness and the corresponding subject contrast as a
function of the x-ray exposure (mAs) for four Lucite disk sizes ranging from 2.5 mm to 7.07 mm in
diameter. The standard deviations in observed threshold thickness are also shown in Figure 7. For Film #1,
the threshold contrast generally decreases by a factor of about two or greater when the x-ray exposure is
reduced from 100 (OD = 1.30) to 32 mAs (OD = 0.34). These results are in broad agreement with Robson
et al. [30] who performed a contrast detail study using a Kodak Min-R E/Min-R film/screen combination.
Figure 7 also shows that the threshold contrast is up to a factor of two lower on Film #2 images when Film
#1 is underexposed. This improvement in low contrast visibility is largest for the largest Lucite disks. The
dependence of the observed threshold contrast on the x-ray exposure for the 5 mm diameter disk is
consistent with the CNR measurement described later. These results suggest that small (<1 cm) breast

lesions in typically underexposed dense breasts should be more easily detected with the dual screen-dual
film combination.
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Figure 7. Observed threshold disk thickness and the corresponding subject contrast as a function of the
x-ray exposure (mAs) for Lucite disk sizes of 2.5, 3.536, 5.0, and 7.07 mm in diameter at 28 kVp.
Standard deviations in threshold thickness are also shown. The curves are second order polynomial
fits.
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In addition, a contrast-to-noise ratio (CNR) measurement was performed by digitizing the C-D
phantom images using a 150 pm pixel size film digitizer. The digitized pixel intensities are proportional to
the film OD values up to 3.0. The signal (S) was measured for a 5 mm diameter, 1.0 mm thick Lucite disk.
The mean background intensity (B) and its standard deviation (c) were calculated using measurements at
the surrounding areas of this disk. The image contrast (C) was calculated as the difference between § and
B. CNR was then taken as the ratio of C to o. The correlation between CNR and the observed threshold
contrast was studied. Table 5 summarizes the measured film background OD, S, B, o, C, and CNR, for a
5 mm diameter, 1 mm thick Lucite disk on the images of Film #1 and Film #2. It is seen that Film #2 offers
a factor of greater than two increase in image contrast for Film #1 images with OD less than 0.78.

Table 5. Film OD, digitized signal (S), mean background (B) and its standard deviation (o), contrast (C)
and CNR for Film #1 and Film #2. § values were measured for a 5 mm diameter, 1 mm thick

Lucite disk on the films.

mAs Film #1 Film #2
(28 kVp) oD S B o C CNR | OD S B o C CNR
32 0.34 294.6 3266 62 320 516 | 086 781.1 8535 116 724 6.24
40 0.44 397.2 4306 76 334 440 ] 1.16 10450 11457 148 100.7 6.80
50 0.56 524.5 571.1 86 466 542 | 146 13695 14724 149 1029 691
63 0.78 720.4 7980 130 776 597 | 1.83 17636 18783 153 1147 750
80 1.04 9868 10702 148 834 564 | 218 21478 22661 174 1183 6.80
100 130 12760 1372 143 960 671 | 2.52 25321 26365 174 1044 6.00

Table 5 also shows that the image noise level on Film #2 is always greater than that on the
corresponding Film #1, which limits the improvement in CNR by Film #2 to an average of ~30% between
32 to 63 mAs. This higher level of image noise on Film #2 may be caused by the following two reasons: (1)
The TMG film may have a higher granularity than the Min-R E film for the same film OD; (2) The light
intensity emitted from the Screen #1 backing side is significantly less than that from the Screen #2 for the
same amount of x-ray energy deposition. This difference in light emission could significantly increase the
image noise as described by Swank [31]. A further investigation of the sources contributing to the Film #2
noise is therefore needed, and may enable a proper optimization to significantly reduce the Film #2 noise
from its present level.

2.2 4. ACR accreditation phantom images

Figure 8 shows the ACR accreditation phantom (RMI 156) images which were obtained on Film
#1 and Film #2 using an x-ray exposure technique of 25 kVp and 100 mAs. This phantom has a 4 cm thick
Lucite base, and is embedded with nylon fibrils, tumor-like masses, and simulated microcalcifications. The
background film OD is 0.51 for Film #1 and 1.27 for Film #2. This Film #1 image represents a typical
clinical imaging problem when dense breast regions are underexposed. By the use of the prototype dual
screen-dual film combination, the masses and fibrils are clearly better visualized on Film #2. Furthermore,
there are about three groups of simulated microcalcifications which are visible on the Film #2 image.
Therefore, the use of Film #2 also permits calcifications with sizes ~0.3 mm to be detected in this prototype
combination A.
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®
Figure 8. X-rays images of an ACR accreditation phantom obtained on (a) Film #1 and (b) Film #2
using an exposure technique of 25 kVp and 100 mAs with the use of a standard 5:1 grid. Film #1 OD
is 0.51, Film #2 OD is 1.27. The images were reproduced from the original x-ray films without

magnification.
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2.3. Characterization of the single screen-dual film combination (Combination B)

2.3.1. Characteristic Curve Measurement

Images of an aluminum step wedge (built on the anthropomorphic breast phantom, each step is
0.01" thick) were obtained using the single screen-dual film combination (B). Figure 9 shows the
measured film OD and the corresponding film contrast (defined as the difference in OD between two
successive steps) as a function of step wedge number at x-ray tube potential of 26 KV. The film OD
values were measured on the center of each step of the Aluminum step wedge image. Due to the
extended processing condition, the Min-R H film has significantly improved film contrast. In the Film
#1 OD range between ~0.5 to 0.7, Film #2 contrast is a factor of ~3 greater than Film #1.
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Figure 9. Measured characteristic curves and the corresponding film contrast of combination B at 26 kV.

2.3.2. Spatial resolution

Images of the lead resolution bar pattern were taken as before to obtain the limiting spatial
resolution of the two films. Table 6 summarizes the measured limiting spatial resolution for Combination
B at 26 and 28 kV. The >20 Ip/mm limiting resolution on Film #1 is partly due to the 27.2 mg/cm’
phosphor coating weight in the prototype screen, which is less than that (34.0 mg/cm’) in the Min-R screen.
As a result of the 8 um thin screen backing, the limiting resolution of Film #2 is ~16 lp/mm

Table 6. Measured limiting spatial resolution for combination B.

X-ray tube potential Limiting spatial resolution (lp/mm)
(kVp) Film #1 Film #2
26 >20 16.0
28 >20 16.5
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2.3.3. Lesion detectability

Breast lesion detectability was investigated using the ACR accreditation phantom. First, images of
the ACR accreditation phantom were acquired at 26 kV for combination B using an exposure technique of
100 mAs. Without changing the kV and mAs, additional Lucite blocks were then added on top of the
accreditation phantom, and images of the resulting phantom were produced. The added Lucite block
thickness ranged from 0.5 to 1.5 cm. These additional phantom images simulate the underexposed film
images. The visibility of the embedded masses and microcalcifications on these images were evaluated by
two physicists with experience in reading the ACR phantom images.

Figure 10 (a) shows the measured film background OD and the contrast of a 4 mm thick Lucite
disc for combination B as a function of added Lucite block thickness at 26 kV. Figure 10 (b) shows the
average number of masses and groups of microcalcifications observed on the ACR phantom images for
combination B at 26 kV. It is seen that over the range where the contrast of the 4 mm Lucite disc is higher
on Film #2 than Film #1, the visibility of masses is significantly improved on Film #2. Over the Film #1
OD range from ~0.5 to ~0.8, there is also a slight increase in the number of groups of microcalcifications
seen on Film #2. The sizes of the microcalcifications in the 3rd and 4th groups are 0.32 mm and 0.24 mm,
respectively. The improved visibility of microcalcifications and masses on Film #2 when Film #1 is
underexposed has the potential to allow the detection of small microcalcifications and subtle lesions which
may be masked by dense breast tissues.
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Figure 10. (a) Measured film background OD and the contrast of a 4 mm thick Lucite disc for combination
B as a function of added Lucite block thickness at 26 kV; (b) The average number of masses and groups of
microcalcifications observed on the ACR phantom images for combination B at 26 kV.
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2.4. Measurement results provided by Sterling Diagnostic Imaging, Inc.

Based on the preliminary measurements performed, selected screen-film combinations as shown in
Table 7 were further examined using specialized laboratory equipment at Sterling Diagnostic Imaging Inc..
Combination 1 is the same as the combination A described above. However, all the films were processed
using standard processing cycle for combinations 1 to 3.

Table 7. Summaries of screen-film combinations which were examined at Sterling Diagnostic Imaging, Inc.

Material Combination 1 Combination 2 Combination 3
Film #1 Min-RE Min-RE Min-R E
4 mil 8 um 8 pm
Screen #1 transparent backing screen transparent backing screen transparent backing screen
Film #2 ™G ™G Min-R E
Screen #2 Insight ME Insight ME

Figure 11 shows the measured H&D curves for combinations 1 and 2. These curves were
measured at 26 kVp using the standard x-ray wedge method which has been used by Sterling to measure its
mammography screen-film combinations. The effective speed of Film #2 is a factor of 1.86 faster than Film
#1 in combination 1. This result is consistent with our measurement shown in section 3.3.1. For
combination 2, The effective speed of Film #2 is a factor of 2.51 faster than Film #1. This increased
difference in combination 2 is primarily due to the reduced screen #1 phosphor coating weight in the
prototype 8 um transparent backing screen in comparison with the phosphor coating weight of the
prototype 4 mil transparent backing screen. Figure 11 also shows the H&D curve of Film #1 in
combination 1 is equivalent to that of a standard Kodak Min-R screen-Min-R E film used in this work for
comparison. In combination 2, Film #1 is 66% faster than the standard. This difference is due to that the
prototype screen #1 did not contain light absorbing dye, thereby producing more light output than the
standard Min-R screen.
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Figure 11. Measured H&D curves at 26 kVp. Standard was a H&D curve for a Kodak Min-R screen-Min-
R E film combination measured in this work by Sterling.

Figure 12 shows the measured MTF curves for combinations 1 to 3. In combination 1, the MTF
of Film #1 is better than those measured for two standard Kodak Min-R screen-Min-R E film combinations

20



Post-doctoral Fellowship Research Project Final Report

at spatial frequencies up to ~13 lp/mm. However, this variation in MTF values can be observed in
commercial screens due to manufacturing imperfection. It is concluded that the effect, if it exists, of the use
of a transparent backing screen in the new screen-film combinations on reducing Film #1 resolution is
negligible. MTF of Film #2 drops quickly to ~0.20 at 3 lp/mm.
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Figure 12. Measured MTF curves of the selected screen-film combinations. Standard was a MTF curve for
a Kodak Min-R screen-Min-R E film combination measured in this work by Sterling. Measured data by
Dr. Phillip C. Bunch of Eastman Kodak Company was also for a standard Kodak Min-R screen-Min-R E
film combination provided to us by Dr. Bunch.
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In combination 2, MTF of Film #1 is excellent again with values of ~0.70, 0.31, 0.16 and 0.11 at
spatial frequencies of 5, 10,15 and 20 Ip/mm, respectively. MTF values of Film #2 are ~0.41 at 3 Ip/mm
which is a significant improvement over combination 1 due to the reduced screen #1 transparent backing
thickness. In combination 3 where the prototype 8 pum transparent backing screen was used in combination
with two single emulsion films (Min-R E), MTF of Film #2 is excellent with values of 0.56, 0.14 and 0.09
at 5, 10, and 15 Ip/mm.

The comparison between these MTF measurements shows that for a dual screen-dual film
combination: (1) the use of thinner screen #1 transparent backing thickness improves Film #2 MTF, and
(2) there is a significant reduction in Film #2 MTF due to light crossover between its emulsions. Two
conclusions can be made from the data. The single screen-dual film combination can provide >15 lp/mm
resolution in Film #2. The dual screen-dual film combination requires the use of double emulsion and anti-
crossover technology in Film #2 to achieve high resolution. These results and findings are in agreement
with the results shown in section 2.2.2.
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3. CONCLUSIONS

The purpose of this work was to evaluate the feasibility of improving breast cancer screening of

women with large and/or dense breasts using novel screen-film combinations which produce two images of
the same compressed breast from a single x-ray exposure. During the one year period, the following work
has been done:

1.

Gd,0,S:Tb phosphor screens with transparent backing were developed. In particular, one screen was
composed of regular Kodak Min-R phosphor (34.0 mg/cm” coating weight) coated on a 100 pum (4 mil)
thick clear Mylar backing. Another screen made by Sterling Diagnostic Imaging has a phosphor
coating weight of 27.2 mg/cm’ and was coated on a 8 um thick clear proprietary polymeric backing.
Two prototype screen-film combinations were designed. Combination A was a dual screen-dual film
combination. Combination B was a single screen-dual film combination.

The measured characteristic curves and MTFs showed that Film #1 performances are comparable to a
standard screen-film combination currently used in mammography. The measured limiting spatial
resolution on Film #1 was 19.5 Ip/mm.

Measurements of characteristic curves showed that Film #2 contrasts were >2x greater than Film #1
when Film #1 OD values were below 0.7 for a prototype dual screen-dual film combination.

Increased image contrast also lead to ~30% improvement in image signal-to-noise ratio (SNR) despite
the existence of a high Film #2 image noise level.

The improved image SNR is evident in the observer performance study, which shows the threshold
contrast in detecting small (<10 mm diameter) low contrast Lucite disks is up to a factor of two lower
on Film #2 images when Film #1 is underexposed. This strongly suggests that low contrast breast
lesions in dense tissue will be better detected using the new approach.

Limiting spatial resolution of the present Film #2 in Combination A is ~11 lp/mm, which can be
markedly improved by the use of a thinner Screen #1 backing (100 pm was used) and/or a new film
with anti-crossover technology. Limiting spatial resolution of Film #2 in Combination B is ~16 lp/mm.

In summary, the present work has demonstrated that the new screen-film combinations

can provide a significant improvement in detecting small low contrast objects for typically
underexposed film regions in screen-film mammography, and may be used by the radiologists to
make more accurate diagnostic decisions in screening mammography.
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